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of the body nor are neck wounds 
more likely to be fatal — even in 
females and maneless sub-adult 
males. Instead, the mane appears 
to indicate ‘quality’: males may lose 
their manes after being seriously 
injured, and dark-maned males 
have higher testosterone levels, are 
more likely to recover from physical 
injury and their offspring have better 
survival. Thus, mane length indicates 
recent fighting success, and mane 
color conveys information about 
male aggressiveness and potential 
reproductive success. Peyton West 
set out pairs of life-sized toy lions that 
differed in either mane length or mane 
color. Males approached the ‘weaker’ 
member of the pair as indicated by a 
shorter or lighter mane. In contrast, 
females were indifferent to mane 
length, but were much more attracted 
to dark manes than to blonds.
Variation in a sexually selected trait 
generally results from the inherent 
costs of expressing such elaborate 
physical characteristics so that only 
the highest-quality males can carry 
the most exaggerated traits. Infrared 
thermography revealed that maned 
male lions suffer greater heat stress 
than females, and males with darker 
manes are hotter than males with 
blond manes. Consistent with these 
findings, males with darker manes 
have higher proportions of defective 
sperm, and eat relatively small meals 
in hotter weather. These costs are 
burdens that only superior males can 
bear; for inferior males, a dark mane 
would inflict physiological costs that 
outweighed the reproductive benefits. 
What is the future of the lion? 
Habitat loss has restricted lions to 
10% of their former range, and many 
of the surviving populations face 
intense conflicts with rural villagers. 
Substantial numbers of lions are killed 
each year in retaliation for livestock 
depredation and man-eating. Lions 
are an important trophy species for 
the sport-hunting industry but have 
been seriously over-harvested in 
most countries. There is considerable 
demand for lion parts in Nigeria and 
growing concern that lion bones may 
replace tiger bones in traditional 
Chinese medicine.
Conservation efforts are dwarfed 
by the lions’ enormous range 
requirements (individuals can disperse 
>400 km), and the large size of key 
reserves (for example, Tanzania’s 
Selous Game Reserve is ~55,000 km2). 
Lions are well managed in South 
Africa where the parks and reserves 
are all fenced, but fencing the national 
parks in the rest of sub-Saharan 
Africa seems infeasible.  Lions along 
Namibia’s Skeleton Coast and in 
Zimbabwe’s Save Valley Conservancy 
were rescued from near elimination 
by intensive conservation efforts, but 
recovery in Namibia led to renewed 
conflicts with local people. Intensive 
efforts to engage pastoralists in lion 
conservation in Kenya are so far 
successful, but only protect a few 
dozen lions; to remain genetically 
viable, a population should number at 
least a thousand.
Faced with these trends, the long-
term future of the lion is bleak. African 
countries are reluctant to place 
restrictions on trophy hunting, human 
populations continue to grow, wildlife 
habitat continues to shrink, Chinese 
influence in Africa is expanding, 
funding for national parks is shrinking, 
and the costs of conserving even a 
single lion are growing.  In the long-
term, the lion seems doomed to the 
same fate as the tiger or the panda, 
except for a few well-protected areas 
like the Serengeti or Kruger.
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Pycnogonids
Matthew Cobb
What are pycnogonids? Also known 
as ‘sea spiders’, they are bizarre-
looking marine arthropods whose 
name means ‘dense-knees’. Most 
species have very long, thin legs and 
extremely slender bodies — essentially 
a combination of slightly distended 
leg-bearing segments (Figure 1). Many 
species look as though they are just 
a tangle of cream or yellowish-brown 
appendages, hence their old name — 
‘nobody crabs’. They are, however, 
neither crabs nor spiders.
What do they look like? They have 
a head region, the cephalosoma, 
which always carries a proboscis, and 
usually has four eyes and four pairs 
of appendages: chelifores, palps, the 
first pair of legs, and structures called 
ovigers, used in reproduction. Some 
species lack eyes and the number of 
appendages varies. Although most 
species have four pairs of legs, some 
have duplicated segments, and have 
five or six pairs. The slender body 
means that organ systems, including 
the gonads, have been displaced into 
the legs. They have an extremely large 
surface area for their size, and are 
able to directly absorb oxygen from 
the water without any specialised 
respiratory system. 
Why are they interesting? They look 
weird, and we know little about their 
biology. For over 130 years, there has 
been a long-running argument about 
their position on the tree of life. This 
dispute raises fundamental questions 
about the evolution of animals, going 
back to the earliest arthropods and the 
Cambrian Explosion, over 500 million 
years ago. T.H. Morgan, the founder of 
Drosophila genetics, studied sea spider 
ontogeny and phylogeny for his PhD in 
the late 1880s. At the time, pycnogonids 
represented a challenge because 
their relation to other arthropods was 
unclear. Morgan was uncertain whether 
they represented an ancient arthropod 
form, or whether they were more closely 
related to the chelicerates. That debate 
is still very much alive. 
What are the arguments? There 
are over 1,300 species of pycnogonid 
and, on the basis of morphology, 
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most books place them in the sub-
phylum Chelicerata, which includes 
spiders, horseshoe crabs and the 
extinct giant sea scorpions. In all these 
animals, appendages on the head are 
modified to form clawed mouthparts, 
called chelifores in the sea spiders. 
But molecular data have either not 
consistently supported or have falsified 
this grouping. A recent study of aligned 
DNA sequences of 62 nuclear genes 
from 75 arthropod species, including 
five pycnogonids, was not able to 
resolve the status of the Chelicerata 
because of confusion over the position 
of the sea spiders. When DNA and 
morphological evidence are combined, 
pycnogonids tend to appear as the 
sister group of living arthropods, and 
not to be part of the Chelicerata. 
In 2005, a neuroanatomical study 
appeared to have resolved the issue: 
sea spider chelifores seemed to be 
innervated by the protocerebrum, 
rather than by the deuterocerebrum 
as in the chelicerates, suggesting that 
pycnogonids are not chelicerates. 
But Hox gene expression patterns in 
a number of species supported the 
traditional view that the chelifores 
are appendages of the second, 
deutocerebral segment, apparently 
contradicting the idea that the 
structure of the pycnogonid head is 
homologous to the four-segmented 
head region of the ‘great appendage’ 
predatory arthropods of the early 
Palaeozoic, the ‘great appendage’ 
being homologous to the chelicerae. 
More evidence from other structures 
and DNA will need to be incorporated 
into large phylogenetic datasets in 
order to finally establish the position of 
Figure 1. Andoplodactylus evansi, a pycnogonid found at Bass Point, New South Wales, 
 Australia. 
This specimen is a male, carrying eggs underneath his body. (Photo: Claudia Arango.)
the pycnogonids, and resolve Morgan’s 
problem.
Where do they live? They are found 
in all the oceans and in some estuaries, 
from inter-tidal regions and mangrove 
swamps down to abyssal depths of 
6,000 m. It has recently been suggested 
that the ancestral forms lived deep in 
the ocean and colonised shallower 
waters only in the last 150 million years. 
Pycnogonids are particularly common 
in polar seas, where some species can 
grow extremely large (a leg-span of up 
to 0.75 m), although the reasons for this 
gigantism are unclear. Most species are 
much smaller, some with a leg-span of 
as little as 4 mm.
How do they reproduce? In both 
sexes, the gonads are primarily 
housed in the legs, and the gametes 
are released through small holes 
called gonopores. The male legs 
also have ‘cement glands’ which 
produce a viscous substance used 
to hold the fertilized eggs on their 
ovigers, which often show sexual 
dimorphism. Males may carry 
clutches of eggs from more than one 
female, but each clutch appears to 
come from a single female. Mature 
eggs produce a larva which goes 
through up to eleven moults before 
turning into an adult. 
Figure 2. Colossendeis gigas perched over a small pom-pom anemone, Liponema brevicornis, 
adjacent to a sunken whale carcass at 2893 m depth in Monterey Submarine Canyon, CA, USA. 
Photo (c) 2005 MBARI.
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What and how do they eat? Most 
species are thought to be carnivorous 
grazers, feeding on sponges, 
cnidaria or even molluscs. Abyssal 
pycnogonids have been observed in 
association with anemones at whale- 
and wood-fall sites on the sea bed 
(Figure 2). They can both walk and 
swim, although walking is extremely 
slow. Some species ‘swim’ by tucking 
up their legs and allowing themselves 
to sink rapidly, others beat their legs. 
Tidal species can sense changes in 
water pressure and alternate between 
swimming and walking accordingly. 
Because they do not have a planktonic 
larval phase, they do not disperse far, 
although at least one shallow-water 
species may show seasonal migration 
into deeper water. 
When did they first appear? There 
are very few pycnogonids in the fossil 
record. The earliest apparent sea spider 
is a larva found among the exquisitely 
preserved Upper Cambrian “Orsten” 
deposits from around 500 million years 
ago. A later, adult sea spider has been 
found in the Silurian (425 million years 
ago), and others have been reported in 
the Devonian and the Jurassic. Some of 
the Devonian specimens are relatively 
primitive and retain a tail.
What is the future? Final resolution of 
their phylogenetic position will require 
substantial amounts of morphological 
and DNA data from a wide range of 
species. This will not only resolve 
one of the thorniest questions in 
evolutionary biology, it will also open 
the door to functional studies of these 
enigmatic and bizarre animals.
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mode of processing, the function of 
which is to extract parameters that 
are relevant to action, and to generate 
the corresponding motor commands” 
(p. 320), as opposed to “‘semantic’ 
analysis [which is] performed in the 
temporal lobe” (p.314) [3]. Thus, the 
meaning of objects is not coded in F5, 
although clearly, “the semantic system 
can influence the pragmatic system” 
(p. 320) [3] (for example, we want to 
reach for food not snakes).
Mirror neurons were discovered 
within this same circuit and found to 
have similar sensorimotor properties 
[1,4]. It was even suggested that 
“the actions performed by other 
monkeys must be a very important 
factor in determining action selection” 
(p. 179) [4] and that “the [motor] 
vocabulary of F5 can be addressed in 
two ways: by objects and by events 
[actions]” (p. 317) [3]. Thus, the 
theoretical and empirical pieces were 
in place to interpret mirror neurons 
as sensorimotor association cells 
relevant to action selection, just like 
object-oriented cells (Figure 1).  
But this interpretation was not 
considered — why?
It was the mirroring property 
of mirror neurons that steered 
investigators away from a 
straightforward sensorimotor 
interpretation. The logic was, if mirror 
actions (for example, imitation) are not 
in the species’ repertoire, then mirror 
neurons can have no motor selection 
function. Rizzolatti and Craighero 
used this argument, pitting “two main 
hypotheses” of mirror neuron function, 
imitation and action understanding; 
because macaques do not imitate, 
they argued, mirror neurons must 
support action understanding  
(p. 172) [1]. However, these authors, 
and the field generally, have failed 
to notice that other forms of mirror 
actions are in the macaque motor 
repertoire. For example, field studies 
show that rhesus monkeys perceive 
human gestures as goal-directed, 
including those that mimic the rhesus 
monkeys’ species-specific signal for 
coalition recruitment [5]. Macaques 
also engage in contagious yawning, 
where perception of another’s yawn 
triggers a yawn in the observer [6]. 
Further, experimental work has found 
that another’s grasping actions toward 
one of two food receptacles serves 
as a cue to goal-directed grasping 
toward that same receptacle [7] — an 
experimental situation reminiscent 
(Mis)understanding 
mirror neurons
Gregory Hickok1 and Marc Hauser2
It is hard to imagine a class of 
neurons that has generated more 
excitement than mirror neurons, 
cells discovered by Rizzolatti and 
colleagues [1] in macaque area F5 
that fire both during action execution 
and action observation. We suggest, 
however, that the interpretation 
of mirror neurons as supporting 
action understanding was a wrong 
turn at the start, and that a more 
appropriate interpretation was lying 
in wait with respect to sensorimotor 
learning. We make a number of 
arguments, as follows. Given their 
previous work, it would have been 
natural for Rizzolatti’s group to 
interpret mirror neurons as involved 
in action selection rather than action 
understanding. They did not make this 
assumption because, at the time, the 
data suggested that monkey behavior 
did not support such an interpretation. 
Recent evidence shows that monkeys 
do, in fact, exhibit behaviors that 
support this alternative interpretation. 
Thus, the original basis for claiming 
that mirror neurons mediate 
action understanding is no longer 
compelling. There are independent 
arguments against the action 
understanding claim and in support 
of a sensorimotor learning origin 
for mirror neurons. Therefore, the 
action understanding theory of mirror 
neuron function requires serious 
reconsideration, if not abandonment.
Mirror neurons were discovered 
in the context of research aimed 
at understanding how the visual 
properties of objects are integrated 
with motor codes for action. Cells 
in area F5 were found to respond to 
visually presented objects as well 
as during grasping actions towards 
those objects. The interpretation 
of this circuit was that it coded a 
“vocabulary of motor acts and that 
this vocabulary can be accessed by … 
visual stimuli” (p. 491) [2] and that it 
was critical for “learning associations, 
including arbitrary associations 
between stimuli and [motor] schemas” 
(p. 317) [3]. This is a “‘pragmatic’ 
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